The presence of primordial germ cells (PGCs) is crucial for proper gonad formation in zebrafish (Danio rerio). The many aspects of PGC migration that allow these cells to reach the proper location at the gonadal ridge include receptors, ligands, germ plasm components, and internal maintenance of PGCs. Any one of these factors could be affected by endocrine-disrupting chemicals (EDCs), which have been shown to alter the directed migration of these cells during early embryonic development. Based on recent research wherein the EDC bisphenol A (BPA) inhibited normal PGC migration, we have used the same dose of BPA to determine the impact of BPA on a gene central to proper germ cell migration. Zebrafish embryos were exposed to BPA, and the levels of the target gene nanos-1 were analyzed using quantitative real-time PCR (q-PCR). The target gene nanos-1 is a critically important germplasm component that allows for survival and proper migration of PGCs. The q-PCR results showed that BPA did not affect the transcription level of nanos-1 in zebrafish embryos.
INTRODUCTION
Primordial germ cells (PGCs) are important for proper gonad development in both vertebrates and invertebrates and are wellstudied in common model organisms such as Drosophila, mice, zebrafish, and Xenopus. 1,2 PGCs are originally located in the primary ectoderm and must migrate to the gonadal ridge, where they later differentiate into gametes. In humans, PGC migration occurs between embryonic weeks four and six. 3 In mice, PGC migration begins on embryonic day eight, and the cells reach the gonadal ridge around embryonic day ten. 4 In zebrafish, PGCs reach the gonadal ridge by 24 hours post fertilization (hpf) after using amoeboid movements to travel along the gonadal pathway to reach their final location at the gonadal ridge. 1,5 However, when PGC migration is disrupted, the cells are unable to reach the gonad region, and improper gonad development occurs. 6 Normal PGC migration requires several interrelated mechanisms. The first mechanism is attraction and repulsion of the cells via chemical cues from indicator cells, which bind to receptors on PGCs. 7 Another mechanism that controls migration is the composition of germ plasm components dictated by maternal effect genes, which are active early in embryogenesis and allow for proper migration. 8 Maternal effect genes are repressed when zygotic genes later become active. 8, 9 Both of these processes have been shown to play a crucial role in zebrafish PGC migration. 1, 9 Zebrafish are an ideal model organism for the study of PGC migration because embryos are generated in large numbers, develop quickly, and are transparent during the first 24 hpf. 6 In addition, much is known about the PGC migration pathway. As stated above, PGCs follow the gonadal pathway and are led by attractants and repellents. One well-studied chemoattractant is SDF-1a. This attractant is secreted by somatic cells and binds to the CXCR4b receptor on PGCs. 1 Another receptor, CXCR7, controls the distribution of SDF-1a, which polarizes PGCs and directs their migration toward attractants. 7 Along with these receptor and signal proteins that control migration, many germplasm genes also play important roles in proper migration. nanos-1 is a germplasm component that serves to promote PGC migration and also ensures the survival of these cells. 10 Because of its essential role in the PGC migration pathway, nanos-1 is highly conserved across species and is initially a maternal effect gene. 10 This gene product is primarily present during PGC migration and again during PGC incorporation into the gonad during the first five days of development. 10 In a 2001 study, when nanos-1 was knocked-down using a morpholino, PGCs did not develop normally and were unable to migrate to the gonadal ridge. 10 Rather, when the concentration of the nanos-1 protein was decreased or diminished, PGCs migrated to the somites and head region instead, where they only survived for a couple of days. 10 These results illustrate the importance of nanos-1 from both a migration and maintenance perspective of PGCs in a vertebrate model organism.
Although morpholinos are an important tool when studying the function of specific genes, they are not useful when looking at changes in gene expression caused by factors in the natural environment. Specifically, the effects of pollutants in the environment cannot directly be studied using morpholinos. Many pollutants are used as pesticides and herbicides and have adverse effects on non-target organisms, including zebrafish. Plasticizers are a type of pollutant, and collectively, these and other chemicals fall under the broad category of endocrine-disrupting chemicals (EDCs). EDCs may mimic hormones and have the ability to disrupt a variety of hormone-regulated processes. 11 In a 2001 study, the EDCs endosulfan and nonylphenol were studied to evaluate their impact on PGC migration. 11 The results of this study showed that when zebrafish embryos were exposed to endosulfan, there was a decreased number of PGCs and the PGCs that were present were redistributed in the embryo. 11 Similar to endosulfan, nonylphenol exposure resulted in a redistribution effect, and both EDCs evaluated in this study had estrogenic effects. 11 Another study evaluated the effects of deltamethrin-a pesticide that is used to kill parasites of fish but in high doses can cause metabolic disorders as it accumulates in fish tissues. 6 The results showed that deltamethrin exposure causes PGCs to have structural deformities and slowed movement through the migration pathway. 6 High dose exposure to deltamethrin caused PGCs to have significant morphological changes that eliminated migration. 6 Another relevant EDC is Bisphenol A (BPA), a common organic chemical found in resins and many plastics. BPA has been linked to many human diseases, such as breast cancer, diabetes, and various cardiovascular, chronic respiratory, kidney, and reproductive diseases. 12 BPA is commonly found in the environment, especially in bodies of water due to its ubiquitous nature and common use by manufacturers. 13 Similar to endosulfan and nonylphenol, BPA mimics estrogen and disrupts normal gonad formation. 14 BPA is therefore considered an endocrine-disrupting chemical due to its strong estrogenic mimicry. 14 A 2017 study found that exposure to concentrations of BPA as low as 0.001 M during development can severely impact zebrafish reproductive health, based on analysis of morphological traits post-exposure. 15 The amount of BPA in the environment varies widely among geographical regions. With some areas near water waste treatment plants (WWTP) found to range from not detectable to 1.6 M and other areas reporting maximums of 36.8 M and 45.1 M. 16, 17, 18 Marine and coastal water was also measured and showed that concentrations of BPA ranged from 0.00017 M to 0.00085 M, and portable tap water was found to have a maximum BPA concentration of 5.7 M. 16 BPA tends to exhibit a nonmonotonic dose-response curve-meaning that there is a nonlinear relationship between effects and doses. 19 This response pattern indicates that smaller, trace BPA concentrations in aquatic environments can still have adverse effects on aquatic organisms.
In a 2013 study, zebrafish embryos were exposed to two doses of BPA, 17.5 μM and 35 μM, during the first 24 hours of development (note that these doses were initially reported in mg/L units but were converted here for consistency with other published work). 5 In situ hybridization was used to screen for the vasa gene, a marker for PGCs, to determine how BPA affected PGC migration. The results illustrated that both doses of BPA cause PGCs to migrate to ectopic locations. 5 Many of the PGCs were found anterior to the gonadal region. 5 All four of the above EDCs affected PGCs in similar ways: each chemical prevented PGCs from reaching the gonadal ridge. Thus, through in situ hybridization and histological profiles, studies have shown that PGCs migrate improperly and have morphological changes in the presence of certain EDCs. However, the mechanism(s) that underlie these changes are still unknown.
When looking at migration patterns of PGCs, there are three important things to consider: the signal being sent to the cells, the receptors on the cells, and the germplasm components. Each of these could potentially be affected by EDC exposure-however, none have been studied. Therefore, in this study, zebrafish embryos were exposed to the lower of the two published doses of BPA that were shown to impair PGC migration, 17.5 μM (note that we confirmed that exposure to 17.5 μM BPA disrupted PGC migration in our laboratory setting, data not shown). Specifically, we sought to determine if a critical gene associated with PGC migration and maintenance (nanos-1) was impacted when migration was impaired due to BPA exposure. Using q-PCR, nanos-1 was analyzed to determine Ct against housekeeping genes ef1a and 18s. A 2008 study found that out of eight commonly used housekeeping genes, ef1a and 18s were among the most stably expressed of those eight genes, which is why we have selected them as housekeeping genes. 20 As indicated above, nanos-1 is a germplasm component found in PGCs and, based on its critical importance to normal PGC migration, is a likely target to explain impaired PGC migration with EDC exposure.
METHODS AND PROCEDURES Fish maintenance
Zebrafish were purchased at local pet stores in Rochester, NY and allowed to acclimate to the housing system for at least two weeks. Experimentation was reviewed and approved by the Institutional Animal Care and Use Committee at St. John Fisher College (IACUC Protocol #61). Male and female zebrafish were kept together in tanks that had a constant flow of system water. System water was maintained at 27-29 °C with a salinity between 1400-1600 microsiemens, which was checked every other day. The pH level was kept between 6.9-7.4 and was measured twice per week. The fish were kept on a 14-hour light/10-hour dark schedule and fed twice daily. The fish were fed with live brine shrimp (Utah Red Shrimp from Artemac L.L.C) and either freezedried bloodworms (San Francisco Bay Brand) or flake food (Ocean Star International freshwater aquarium flake food).
Breeding and embryo collection
Fresh system water was added to 2-3 breeding boxes along with artificial plants. Two female fish and one male fish were added to the breeding box after being fed in the afternoon. The breeding boxes were placed in a water bath at 28 °C. If embryos were present in the morning, they were removed from the breeding box and placed in a petri dish with fresh system water. Embryos that appeared unhealthy or dead were removed, and healthy embryos were kept and sorted for experimentation.
Endocrine-disrupting chemical exposure
Within an hour of fertilization, wells in a 24-well plate were filled with 5-15 embryos each. The two treatment groups were as follows: vehicle-treated (1.0 of ethanol) and BPA-treated (17.5 μM in ethanol). The embryos were allowed to grow for 24 hours at 28 °C. After 24 hours, any dead embryos were removed from the wells prior to fixation for RNA extraction. If more than five embryos were dead in any single well, the well was not used as a source of embryos.
RNA isolation
Embryos were removed from wells, and each group was placed into its own sterile 1.5-mL Eppendorf tube. The water was removed, and embryos were homogenized using a manual homogenizer. To each tube, 1.0 mL of Tri Reagent was added and allowed to sit at room temperature for 5 minutes. After 5 minutes, 200 μL of chloroform was added, and the tubes were shaken for 15 seconds, incubated at room temperature for 5 minutes, and centrifuged at 12,000 xg for 15 minutes at 4 °C. Following centrifugation, the aqueous, upper layer was removed and placed into new, sterile 1.5-mL Eppendorf tubes and 500 μL of isopropanol was added and allowed to incubate at room temperature for 5 minutes. The tubes were again centrifuged at 12,000 xg for 8 minutes at 4 °C. The isopropanol was removed from each tube without disturbing the RNA pellet. To each tube, 1.0 mL of 75% ethanol was added, and tubes were centrifuged at 7,600xg for 5 minutes at 4 °C. The ethanol was removed without disturbing the RNA pellets, and tubes were then allowed to evaporate off any additional ethanol for 5 minutes. RNA pellets were then resuspended in 20 μL of DEPC-water at 70 °C for 15 minutes and then stored in the freezer at -20 °C. RNA concentrations were determined using a Nanodrop instrument (NanoDrop Lite Spectrophotometer from Thermo Fisher Scientific.) The blank contained 1 μL of DEPC-water. Each sample was measured using 1 μL of the isolated RNA sample. RNA concentration, 260/280, and 260/230 ratio values were recorded ( cDNA generation RNA samples were standardized based on concentration and 260/280 values. RNA samples with 260/280 ratios between 1.80 and 2.00 were used for q-PCR (Table 1) . The same amount of RNA (ng) was added to separate PCR tubes, and the volumes were brought up to 5.5 μL using DEPC-water. cDNA was generated using reverse transcriptase enzyme from the Thermo Scientific RevertAid Premium First Strand cDNA Synthesis Kit (Fisher product number: ferk1622). To each tube, 0.5 μL of oligo dt, 2 μl of 5X reaction buffer, 0.5 μL of Ribolock RNase inhibitor (20 μg/μL), 1 μL of 10mM dNTP mix, and 0.5 μL of RevertAid M-Mol reverse transcriptase (200 μg/μL) was added. The samples were incubated in a thermocycler using the following protocol: 60 minutes at 42 °C and 3-5 minutes at 70 °C. Samples were then stored at -20 °C until they underwent q-PCR.
Quantitative real-time PCR qPCR instrument was an Applied Biosystems SteponePlus Real-Time PCR system. In a single RNase-free tube, the following was added for a 10 μL master mix reaction: 5 μl of 2X SYBR green master mix (fisher product number: ferk0373), 0.3 μL of forward primer, 0.3 μL of reverse primer, and cDNA. The primer sets used are listed in Table 2 . All reactions were performed in 96 well plates, in triplicate. Minus RT controls were run in parallel for all primer pairs and RNA samples to monitor DNA contamination. The relative transcription of nanos-1 in each condition was normalized to 18S and ef1a levels in the respective conditions using CT method. 21
Gene Name Forward Primer
Reverse Primer
nanos-1 5'-GAGAGCAGCATGGCTTTTTC-3' 5'-TTCCAAGGCTGAAAGTCCTG-3' 
RESULTS
In order to ensure that the RNA samples were not degraded, 1% agarose gels stained with ethidium bromide were used to show proper banding patterns. As shown in Figure 1 , the banding pattern of each sample has two bands that are located at the 28S and 18S positions relative to the RNA ladder. Table 1 .
Once purity, concentration, and stability of the sample were determined to be suitable, several samples were used for q-PCR. Data from the q-PCR was analyzed using CT values ( (ef1a and 18s) , are provided. Each trial represents a biological replicate, and the average CT values represent three reactions for each primer set. . nanos-1 gene transcription levels, normalized to ef1a levels, from Danio rerio embryos exposed to 17.5 μM of BPA, compared to vehicle treatment. The logarithmic scale further illustrates the transcription n levels of nanos-1 do not change when exposed to BPA. Figure 2 , the average CT values for the three trials of nanos-1, normalized to ef1a, are shown in a logarithmic value and only vary from the value of 1 by one-fold. 20 Similar results were seen when nanos-1 was normalized to 18s. (data not shown). The one-fold difference for the results illustrates that there is no significant change in transcription level of nanos-1 when PGCs are exposed to BPA.
As shown in

DISCUSSION
PGCs in zebrafish are ideal cells to study when evaluating the role of endocrine-disrupting molecules in vertebrates. PGCs must travel to and incorporate into the gonad for proper development of the gonad to occur. When PGCs are exposed to BPA, they are unable to migrate correctly. The current study was performed to analyze the role of BPA on the transcription of the germplasm component nanos-1 through q-PCR. It was hypothesized that BPA would alter the transcription levels of nanos-1, thus providing information to help explain the mechanism of BPA-induced abnormal PGC migration. The hypothesis was not supported by the data, as nanos-1 RNA levels remained unchanged following BPA exposures. This result is significant because it allows other aspects of nanos-1 expression, like translation, to become the focus of future studies to understand better the mechanism of action for BPA in disrupting PGC migration. Note that our method, which involves homogenization of the embryos, does not analyze whether BPA affects nanos-1 mRNA levels in a specific, localized region-rather, it analyzes levels throughout the whole embryo. Future studies could analyze whether or not BPA exposure affects nanos-1 levels in specific regions of the embryo.
Overall, this data does not follow the hypothesis of nanos-1 transcription levels being affected by BPA exposure in zebrafish embryos. The next step is to determine how BPA affects other aspects of PGC migration. This study indicates that other factors in PGC migration must be affected by BPA exposure. Potential targets include nanos-1 at the translational level, genes that control receptors on the germ cell receiving the migration signals, the genes that contribute to the signals being sent to PGCs, or genes that play a role in internal pH control of PGCs. Once the genes affected by BPA are determined using q-PCR, it would also be appropriate to determine if isoforms of BPA, such as Bisphenol F or S, also negatively affect PGC migration and if similar genes are affected. It is also possible that BPA affects the expression of these genes at the translational level. Thus it is necessary to complement qPCR with western blot analysis to determine how BPA affects the protein level of these potential targets.
In a 2006 study, the roles of SDF-1 and CXCR4a were analyzed to determine their role in PGC migration. 2 SDF-1 is a ligand that binds to CXCR4a to ensure proper migration of PGCs. 2 When there is a loss of function in SDF-1, PGCs are not able to able to migrate correctly. Since our results show that the transcription levels of nanos-1 are not affected by BPA, an important next study would be to determine if BPA affects the ligand-receptor relationship of SDF-1 and CXCR4a. Along with a PGC ligand and receptor possibly being affected by BPA, there is another aspect of PGCs that could be affected and cause abnormal PGC migration. Specifically, the pH of PGCs was analyzed to understand the role of pH in PGC migration. 22 Ca15b, a gene that contributes to the control of the pH of PGCs and, subsequently, to their migration patterns, was knocked down with morpholinos. 22 When there is a loss of function in Ca15b, the internal pH levels become elevated, which causes PGCs to lose their ability to travel the normal migration pathway. Another potential study, therefore, would be to consider the impact of BPA exposure on Ca15b gene expression levels.
20 CONCLUSIONS
Based on recent data from Akbulut, et al., BPA exposure leads to PGC migration defects, as assessed by in situ hybridization. 5 Their use of in situ hybridization with the vasa gene, a known germ cell marker, allowed them to see the varying locations of PGCs following BPA exposure. 5 The majority of experimental embryos in the current study did not show clustered PGC staining, consistent with the results of the study by Akbulut, et al. (data not shown). 5 In the current study, we investigated the level of nanos-1 transcription after BPA exposure by measuring RNA levels using qPCR. These experiments were conducted to determine if this gene was affected by BPA exposure at the transcriptional level, as this could provide a novel piece of evidence for a potential mechanism by which EDCs impact PGC migration. nanos-1 is a highly conserved gene that has been shown to play a crucial role in proper PGC migration during the first 24 hpf. 10 The lack of a change in nanos-1 transcription levels shown in our study indicates that nanos-1 transcription does not appear to be a target for BPA-induced disruption of PGC migration. Specifically, this is shown by the one-fold or less change in the average CT values for nanos-1 following BPA exposure when normalized to ef1a and 18s (18s data not shown) ( Figure 2) . These results suggest that because nanos-1 transcription was not affected by BPA, nanos-1 translation or other genes may be targets of this EDC. Therefore, studying the level of translation for nanos-1, as well as the overall expression of genes other than nanos-1 may help to explain the impact of BPA exposure on PGC migration.
It is well-established in the current scientific literature that BPA has adverse effects on zebrafish development. 5, 15 It is also known that BPA can have adverse effects on human health. 12 Little is known about the mechanism by which BPA disrupts endocrine function, and this research aims to shed light on that mechanism. Zebrafish are particularly useful as a model organism for analyzing the mechanism of action of EDCs in vertebrates. Therefore, this research can shed light on the mechanism by which BPA affects both zebrafish and humans. 23 Knowledge of BPA's mechanism of action is relevant to both human health and, from an ecological perspective to the health of aquatic organisms.
